Disassembly of nuclear pore complexes (NPCs) is a decisive event during mitotic entry in cells undergoing open mitosis, yet the molecular mechanisms underlying NPC disassembly are unknown. Using chemical inhibition and depletion experiments we show that NPC disassembly is a phosphorylationdriven process, dependent on CDK1 activity and supported by members of the NIMA-related kinase (Nek) family. We identify phosphorylation of the GLFG-repeat nucleoporin Nup98 as an important step in mitotic NPC disassembly. Mitotic hyperphosphorylation of Nup98 is accomplished by multiple kinases, including CDK1 and Neks. Nuclei carrying a phosphodeficient mutant of Nup98 undergo nuclear envelope breakdown slowly, such that both the dissociation of Nup98 from NPCs and the permeabilization of the nuclear envelope are delayed. Together, our data provide evidence for a phosphorylation-dependent mechanism underlying disintegration of NPCs during prophase. Moreover, we identify mitotic phosphorylation of Nup98 as a ratelimiting step in mitotic NPC disassembly.
INTRODUCTION
Timely entry into mitosis depends on a set of mitotically activated kinases that trigger and assist various events during the preparation of cells for chromatin segregation (Nigg, 2001) . One pivotal step during mitotic entry in vertebrate cells is the disassembly of the nuclear envelope (NE). The process of NE breakdown (NEBD) starts in early prophase and culminates in the loss of NE integrity at the transition from prophase to prometaphase (Guttinger et al., 2009) . The disassembly of the NE comprises a series of events including nuclear pore complex (NPC) disassembly, depolymerization of the nuclear lamina, and the retraction of NE membranes into the mitotic endoplasmic reticulum. As a result, microtubules emanating from centrosomes in the cytoplasm gain access to the condensed chromatin to allow for spindle formation.
A decisive point of NEBD is the disassembly of NPCs and the resulting loss of the NE permeability barrier accompanied by the mixing of nuclear and cytoplasmic components. In interphase cells, the permeability characteristics of the NE are determined by structural features of NPCs that restrict the passive diffusion of macromolecules >30 kDa and support receptor-mediated transport across the NE (Terry and Wente, 2009) . NPCs consist of approximately 30 different proteins, so-called nucleoporins (Nups) , that are present in multiple copies in each NPC, and many Nups are organized in nucleoporin subcomplexes (Brohawn et al., 2009; Cronshaw et al., 2002) . Approximately onethird of nucleoporins contain various types of phenylalanineglycine (FG) repeats in unstructured domains. FG domains both aid receptor-mediated nuclear transport and establish the NPC permeability barrier (Terry and Wente, 2009) .
The molecular mechanism of NPC disassembly is largely unknown. The activity of the master mitotic kinase CDK1 is required for NPC disassembly (Muhlhausser and Kutay, 2007; Onischenko et al., 2005) , and many Nups are phosphorylated during mitosis (Blethrow et al., 2008; Favreau et al., 1996; Glavy et al., 2007; Macaulay et al., 1995; Mansfeld et al., 2006) . Therefore, it is assumed that NPC disassembly in metazoan cells is triggered by phosphorylation of certain nucleoporins. However, this hypothesis has never been directly tested. Studies in several model systems including starfish oocytes, Drosophila embryos, and human cells demonstrated that NPC disassembly is a rapid process that starts in late prophase and is completed within minutes (Kiseleva et al., 2001; Lenart et al., 2003; Terasaki et al., 2001) . In mammalian somatic cells, the loss of the NE permeability barrier occurs concomitantly with the dispersion of most soluble nucleoporins from the NPC (Dultz et al., 2008) . The FG-repeat protein Nup98 was found to disassemble slightly earlier than other Nups (Dultz et al., 2008; Hase and Cordes, 2003; Lenart et al., 2003) , but it is presently unclear if its timely removal is required for NPC disassembly and NEBD. Nup98 is a peripheral nucleoporin that localizes symmetrically to both sides of the NPC, where it is anchored through its C-terminal domain (Griffis et al., 2003) . The N-terminal domain of Nup98 contains GLFG-type FG repeats, which are crucial for proper NPC function in yeast (Strawn et al., 2004) . The cohesive nature of GLFG repeats (Patel et al., 2007 ) is thought to contribute to the formation of the NPC permeability barrier that restricts passive diffusion but allows transport receptor passage (Frey and Gorlich, 2009) .
For these reasons, we considered it an attractive possibility that the removal of Nup98 at the onset of mitotic NPC disassembly might be involved in breaking the NE selectivity barrier. Here we show that phosphorylation of Nup98 presents a crucial step during NPC disassembly. Several protein kinases contribute to Nup98 phosphorylation and facilitate NE permeabilization during mitotic entry. Our data provide evidence for a phosphorylation-dependent mechanism underlying disintegration of NPCs during prophase.
RESULTS

Mitotic Kinases Support NE Permeabilization during Mitotic Entry
To study the role of mitotic kinases in NEBD, we modified a previously developed in vitro system that recapitulates nuclear (A) In vitro NEBD reactions were performed using semipermeabilized HeLa cells stably expressing 2GFP-Nup58. Mitotic HeLa cell extracts were supplemented with DMSO or the CDK1 inhibitor alsterpaullone (50 mM, in DMSO) and a TRITClabeled 155 kDa dextran. Nuclear disassembly was triggered by adding 20 ml of the respective extracts to the cells and monitored by time-lapse confocal laser-scanning microscopy. Representative images of different time points are shown. (B) Quantification of dextran-positive nuclei over the time course of the experiment. Nuclei were defined to score positive for nuclear dextran when the nuclear signal intensity exceeded a threshold of 30% relative to the dextran signal outside of nuclei. For each condition, three independent experiments each comprising 4 positions (12 positions, n > 140 cells) were analyzed. Error bars indicate the SEM. (C) In vitro kinase assay with either mitotic extract, recombinant CDK1/cyclin B1 (24 ng), or PKCbII (12 ng) using histone H1 phosphorylation in the presence of g-[
32 P]ATP as read-out. The inhibitory effect of alsterpaullone on CDK activity was compared to the PKC inhibitor Gö 6983 (20 mM) that served as negative control.
disassembly on nuclei of semipermeabilized HeLa cells upon addition of CSF-arrested Xenopus egg extract (Muhlhausser and Kutay, 2007) . To avoid mixing of components derived from different species, we now employed mitotic extracts prepared from nocodazole-arrested HeLa cells. Further, to track NPC disassembly by live microscopy, we performed the reactions on nuclei derived from 2GFP-Nup58-expressing cells. In our assay, NPC disassembly can be scored by both dissociation of 2GFP-Nup58 from the nuclear rim and nuclear influx of a TRITC-labeled fluorescent dextran of 155 kDa that is too large to traverse intact NPCs (Figure 1 ). NE permeabilization started on average 35 min after addition of mitotic extract and was completed after about 50 min in most nuclei. NPC disassembly was not induced by extracts derived from interphase cells (data not shown).
Because the assay makes use of fully activated mitotic extracts, it allows for assessing the contribution of mitotically active kinases to the process of NEBD independent of their general function during mitotic entry. Among all kinases involved in the G2/M transition, CDK1 plays a key role. Notably, many nucleoporins and inner nuclear membrane proteins are phosphorylated on CDK1 consensus sites during mitosis (Blethrow et al., 2008) . We had previously observed that inhibition of CDK1 strongly decreases the rate of NE permeabilization when using CSF-arrested egg extracts (Muhlhausser and Kutay, 2007) . To test whether mitotic HeLa extract truly recapitulates this requirement for CDK1 activity, we monitored NEBD in vitro in the presence of the CDK1 inhibitor alsterpaullone (Schultz et al., 1999) . Addition of 50 mM alsterpaullone strongly inhibited NPC disassembly, demonstrating that the mitotic activity of the extract leads to disassembly of the NE. 2GFP-Nup58 remained at the nuclear rim, and the integrity of the NPCs was kept intact as judged by the exclusion of dextran from most nuclei (Figure 1) . Alsterpaullone, at the concentration applied in the NEBD experiment, strongly reduced H1 phosphorylation by the mitotic extract and by recombinant CDK1/cyclin B1. In conclusion, these data show that our experimental setup allows for dissecting the contribution of factors to early steps of NEBD and that CDK1 is essential for efficient NPC disassembly. Overexpression of a kinase-dead mutant of NIMA (K40M) (Lu et al., 1993 ) has a dominant-negative effect on cell growth of Aspergillus and arrests cells in G2 without hindering p34 cdc2 (CDK1) activation (Lu and Means, 1994) . To analyze a potential involvement of NIMA-related kinases (Neks, Nrks) in NPC disassembly in mammalian cells, we made use of this dominant-negative behavior of kinasedead (KD) NIMA and tested its effect on NEBD in vitro. Wild-type NIMA (WT) and NIMA KD (K40M) were expressed in E. coli, purified, and tested for kinase activity ( Figure S1 available online). As expected, only wild-type NIMA was active. Next, we added NIMA WT and NIMA KD to the mitotic HeLa cell extracts used for nuclear disassembly. Compared to addition of BSA, NIMA WT accelerated both Nup58 dissociation and dextran influx, whereas NIMA KD was dominant negative on nuclear disassembly (Figure 2 ). It can be excluded that these changes are due to indirect effects of NIMA WT or KD on CDK1 activity, as neither changed H1 phosphorylation by the mitotic extract. Quantitation of the time point t 50 at which 50% of all quantified nuclei were dextran positive showed that NIMA WT accelerated NPC disassembly by 10 min and NIMA KD delayed the process by 15 min. These data support the idea that NIMA-related kinases might play a role in mitotic NPC disassembly. The dominant-negative effect of the NIMA mutant might be caused by competition between NIMA KD and certain Neks for the same substrate(s).
Mammalian cells encode 11 Neks (O'Connell et al., 2003; O'Regan et al., 2007) . Among them, Nek2, Nek6, Nek7, and Nek9 are active during mitosis and implicated in the regulation of mitotic events. Nek9 activates Nek6 and Nek7 (Belham et al., 2003) , which aid mitotic spindle formation and cytokinesis (O'Regan and Fry, 2009) . Nek2 is most closely related to Aspergillus NIMA and known for its role in regulating centrosome cohesion (Fry et al., 1998) . To investigate whether Nek2, Nek6, or Nek7 play a role in triggering NEBD, we analyzed the effect of their RNAi-mediated depletion on progression into mitosis in HeLa cells ( Figure S2 ). Consistent with published data based on flow cytometry (O'Regan and Fry, 2009 ), the individual depletion of Nek6 and Nek7 clearly reduced the mitotic index of HeLa cells. The mitotic index of Nek2-depleted cells was slightly reduced. As Nek6 and Nek7 are very similar (81% identity, 90% similarity), we also tested whether their simultaneous downregulation would enhance the effect of individual depletion. Indeed, codepletion led to an even more pronounced decrease in the mitotic index ( Figure S2 ). Altogether, these data demonstrate that presence of Nek6 and Nek7 is required for efficient progression through G2 into mitosis in mammalian cells.
Many mitotic kinases are required for multiple events in mitotic progression. To test whether Nek6/7 promote NEBD, we next used a HeLa cell line coexpressing the chromatin marker H2B-mCherry and the nuclear efflux marker IBB-GFP to determine whether Nek6/7 depletion prolongs the time span between the onset of chromatin condensation and NE permeabilization ( Figure 3 ). In control cells, it took an average of 9 min between the onset of chromatin condensation and nuclear efflux of IBB-GFP. Depletion of Nek6 alone already extended this time span by 4 min. In cells codepleted for Nek6/7, this time span was further prolonged to about 15 min. Thus, Nek6 and Nek7 might be required for timely NE permeabilization during mitotic entry in vivo.
To analyze whether this delay reflects a contribution of Nek6 and Nek7 to NPC disassembly, we used our in vitro nuclear disassembly assay (Figure 4 ). Here, we combined immunodepletion of Nek6/7 from the mitotic extract with depletion of Nek6/7 from the nuclei of the semipermeabilized cells by RNAi. The necessity of depleting Nek6/7 from the cells is explained by a nuclear pool of Nek6/7 in interphase cells (O'Regan and Fry, 2009 ). For depletion of Nek6/7 from the mitotic extract, we used an antibody that recognizes both Nek6 and Nek7. Immunodepletion was efficient as judged by western blotting. Like in vivo, depletion of Nek6 and Nek7 did not block nuclear disassembly but resulted in a significant delay of NE permeabilization, giving rise to an increase in t 50 of about 7 min (Figure 4 ). Note that neither Nek6/7 siRNA treatment of the cells nor Nek6/7 depletion of the extracts alone significantly delayed NEBD (data not shown). Again, by monitoring H1 phosphorylation, we ensured that depletion of Nek6/7 did not affect the general mitotic activity of the extract. These data indicate that Nek6 and Nek7 indeed contribute to the loss of the NE permeability barrier during NEBD.
Mitotic Phosphorylation of Nup98
An initial step of NEBD is the disassembly of NPCs-accompanied by changes in their transport and diffusion barrier properties. Confocal time-lapse microscopy of mammalian cells had previously revealed that the dissociation of the peripheral GLFG-repeat nucleoporin Nup98 preceeds the dispersal of other nucleoporins from the nuclear rim during mitotic entry (Dultz et al., 2008) . We analyzed the localization of nucleoporins in prophase cells by immunofluorescence. In all cells that had initiated NPC disassembly-indicated by the release of a nuclear 3GFP-NLS fusion protein to the cytoplasm-Nup98 was no longer detected by a mouse monoclonal antibody directed against amino acids 581-880 of Nup98 (Figure 5, ab1) . In contrast, other nucleoporins such as Nup107, Nup96, Nup62, and Nup205 were still detected at the nuclear rim. This could indicate either that Nup98 had been selectively removed from the NE and degraded or that Nup98 was not accessible to the antibody. In agreement with the latter we found that Nup98 was still detectable at the NE by a different, peptide-specific antibody (ab2). Immunoblot analysis revealed that both antibodies recognized Nup98 from interphase cells, whereas mitotic Nup98, which migrated slower in SDS-PAGE, was no longer recognized by the mouse monoclonal antibody. Collectively, these data suggest that Nup98 is specifically modified at the NPC during mitotic entry. Notably, reactivity of ab1 is regained in telophase cells concurrent with nuclear accumulation of 3GFP-NLS ( Figure S5 ). Thus, there appears to be a strong correlation between Nup98 modification and the barrier/transport properties of NPCs. Xenopus Nup98 had earlier been noted to be highly phosphorylated in mitotic cells (Macaulay et al., 1995) . The mobility shift observed for Nup98 derived from nocodazole-arrested HeLa cells could be converted by phosphatase treatment, confirming mitotic phosphorylation of human Nup98 ( Figure 6A ). The nucleoporin Rae1, a binding partner of Nup98 that remains associated with Nup98 during mitosis (Jeganathan et al., 2005) , was unaffected. Notably, phosphatase treatment also allowed ab1 to recognize mitotic Nup98 ( Figure S5 ), indicating that Nup98 is phosphorylated at the NPC during mitotic entry.
To determine the mitotic phosphorylation sites in Nup98, we immunoprecipitated Nup98 from mitotic cell extracts and analyzed tryptic or chymotryptic peptides by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Table S1, Table  S2 , and Figure S3 ). The overall sequence coverage of Nup98 was 66%, with 59% coverage in the N-terminal FG domain (aa 1-505) and 76% in the C-terminal part of Nup98 (aa 506-863). Altogether 13 phosphorylation sites were detected in Nup98 isolated from mitotic cells ( Figure 6B ). In Nup98 isolated from interphase cells, 9 peptides containing these phopsphorylatable amino acids were detected in their unphosphorylated form. Stable isotope labeling of amino acids in cell culture (SILAC) was used to quantify and compare the occurrence of phosphosites in mitotic and interphase Nup98 for the most abundant phosphopeptides of our LC-MS/MS analysis. This confirmed the mitosis-specific phosphorylation of these sites (Table S1, Figure S4 ).
A comparison of the phosphosites found in Nup98 with consensus phosphorylation sequences of mitotic kinases suggested that CDK1, Nek6, and Plk1 could be involved in phosphorylation of Nup98 (Table S1 ). Therefore, we tested whether Nup98 is a substrate of these kinases in vitro. Indeed, recombinant GST-Nup98 was phosphorylated by CDK1/cyclin B1, Plk1 and Nek6 in vitro ( Figure S1C ). Also, other Nek family members such as Nek7, Nek2, and Aspergillus NIMA could target Nup98 ( Figures S1B and S1C) . Although the requirement for NIMA activity in Aspergillus had previously been correlated with mitotic hyperphosphorylation of Nup98 (De Souza et al., 2004) , a direct kinase/substrate relationship had not been established. Our analysis thus provides direct evidence that Nup98 is a target of NIMA-related kinases.
To elucidate which of the identified sites can be targeted by CDK1/cyclin B1 and Nek6 in vitro ( Figure S1D ), we performed phosphorylation reactions using recombinant kinases and unlabeled ATP followed by phosphopeptide mapping (Table S1 ). MS analysis confirmed phosphorylation of S591 and S822 by Nek6 as well as phosphorylation of T529, T536, S595, S606, and T653 by CDK1. The in vitro phosphorylation data confirmed our in vivo analysis for altogether 7 out of 13 sites, suggesting that the combined action of CDK1, Neks, and likely other kinases contributes to hyperphosphorylation of Nup98 during mitosis.
Phosphomimetic Mutants of Nup98 Show Defects in NPC Localization
The C-terminal region of Nup98 comprising amino acids 506 to 863 is important for attachment of Nup98 to the NPC (Griffis et al., 2004) . Eleven out of the 13 identified phosphosites reside in this C-terminal segment. Notably, most of the 13 sites cluster between aa 494 and 664 ( Figure 6B ). If phosphorylation of the identified sites supports dissociation of Nup98 from NPCs at the onset of mitosis, the respective phosphomimetic (PM) mutations should impair NPC association of Nup98 in interphase cells. To address the importance of Nup98 phosphorylation by Neks, we generated a GFP-Nup98 4PM(Nek) mutant, in which S494, S591, S822, and S861 were rendered to phosphomimetic amino acids. The sequences preceding S494, S591, and S822 match the Nek6 consensus, whereas S861 resembles a NIMA consensus (Table S1 ). Expression of GFP-Nup98 4PM(Nek) in (A) HeLa cells stably expressing 3EGFP-NLS were fixed, stained with DAPI, and analyzed by immunofluorescence using the indicated anti-Nup antibodies. Nup98(ab1) and (ab2) were raised against aa 581-880 and 598-616, respectively. Whereas Nup98(ab2) recognizes Nup98 at the nuclear rim at the end of prophase, the epitope recognized by Nup98(ab1) is masked. This change in the accessibility of Nup98 correlates with nuclear efflux of 3EGFP-NLS. Bar, 10 mm. (B) HeLa cells were arrested prior to S phase or in mitosis by treatment with thymidine or nocodazole, respectively. Cell lysates were analyzed by western blotting using the two different Nup98 antibodies. Loading control: anti-a-tubulin. See also Figure S5 and Figure S7 .
HeLa cells showed increased cytoplasmic localization of the mutant in comparison to wild-type GFP-Nup98 ( Figures 6C and 6D ). This suggests that phosphorylation of Nup98 on Nek sites compromises efficient NPC association. A GFP-Nup98 mutant in which all of the 13 identified Thr and Ser residues were changed to phosphomimetic residues (GFP-Nup98 13PM) displayed an even more pronounced effect. Only a weak GFP signal was detected at the NE and cytoplasmic localization was strongly increased, indicating that hyperphosphorylation of Nup98 could indeed be part of a mechanism releasing it from the NPC.
A Phosphodeficient Mutant of Nup98
Decelerates NPC Disassembly As the phosphomimetic mutants of Nup98 gave rise to NPC localization defects, we decided to mutate the corresponding sites to alanines to address their importance for NPC disassembly. First, we tested whether alanine mutations in the NPC-targeting domain of Nup98 reduced phosphorylation by recombinant CDK1/cyclin B1 and Neks in vitro ( Figure 6E ). The kinase assay revealed that phosphorylation of Nup98 (506-863 11A) by CDK1 was strongly impaired. Also phosphorylation by Nek2, Nek6, and Nek7 was reduced, whereas Plk1 and PKC still efficiently phosphorylated the 11A mutant.
Next, we confirmed that the alanine mutations affected mitotic phosphorylation in vivo. Full-length GFP-Nup98 and GFP-Nup98 13A as well as GFP-Nup98 (506-863) and GFP-Nup98 (506-863 11A) were expressed in HeLa cells ( Figure S6 ). Whereas endogenous and wild-type Nup98 derived from cells arrested in mitosis displayed a significant phosphatase-reversible shift in SDS-PAGE, phosphatase treatment did only slightly alter the running behavior of the 13A mutant and did not change migration of Nup98 506-863 11A, suggesting that we have identified the majority of mitotic phosphosites in the NPC-targeting domain of Nup98.
To investigate the role of Nup98 phosphorylation in mitotic NPC disassembly, we generated stable cell lines expressing GFP-Nup98 WT or the phosphodeficient 13A mutant. In both cell lines, we followed the loss of the GFP-Nup98 signal from the chromatin rim (H2B-mCherry) during mitotic entry by live microscopy ( Figure 7A ). GFP-Nup98 WT was lost from the nuclear rim in most late prophase cells. In contrast, GFP-Nup98 13A persisted at the periphery of chromatin longer such that there was still a significant GFP signal derived from Nup98 13A around chromatin in late prophase cells ( Figure 7B ). This analysis indicates 
. Nup98 Is Phosphorylated on Multiple Sites during Mitosis
(A) HeLa cells were arrested prior to S phase or in mitosis by treatment with thymidine or nocodazole, respectively. Cells were lysed and either mock-treated or incubated with 400 U l protein phosphatase. Samples were analyzed by western blotting using a-Nup98, a-Rae1, and a-a-tubulin antibodies. Nup98 from mitotic cells shows a retarded migration that is reverted by phosphatase treatment. (B) Schematic depiction of the domain organization of Nup98 and phosphorylation sites (lines) that were identified in Nup98 by mass spectrometry from nocodazole-arrested HeLa cells. Note that all phosphosites are found within or close to the C-terminal domain of Nup98. (C) Phosphomimetic (PM) mutants of Nup98 are inefficiently targeted to the NPC. HeLa cells were transiently transfected with GFP-tagged Nup98 wild-type, GFP-Nup98 4PM (Nek; S494E, S591E, S822E, and S861E), or GFP-Nup98 13PM and analyzed by confocal microscopy. (D) Quantification of NE over cytoplasmic localization of Nup98 variants from the experiment presented in (C). Each value represents the mean ratio of three independent experiments; error bars indicate the SEM. (E) In vitro kinase assay comparing phosphorylation of Nup98(506-863) wild-type and a 11A mutant lacking all identified phosphorylation sites in the NPC-targeting domain of Nup98. Two micrograms of purified His-tagged Nup98(506-863) WT or 11A (Coomassie stain on the left) were incubated with PKCbII (12 ng), CDK1/cyclin B1 (24 ng), Nek2 (100 ng), Nek6 (100 ng), Nek7 (100 ng), or Plk1 (200 ng) in the presence of g-[ 32 P]ATP. Note that the strong autophosphorylation of Nek6 (asterisk) was observed with various Nek6 preparations from different origin (bacteria, insect cells) and is also observed using the Nek6 model substrate casein (not shown). The relative phosphorylation of Nup98 11A and Nup98 WT was quantified by phosphoimaging and Image J. See also Figure S1 , Figure S3 , Figure S4 , Table S1 , and that phosphorylation of Nup98 is an important determinant for its dissociation from NPCs during mitotic entry in vivo. Finally, we compared the kinetics of NPC disassembly of GFP-Nup98 WT-and GFP-Nup98 13A-expressing cells in the in vitro nuclear disassembly assay. Strikingly, nuclei derived from cells expressing the GFP-Nup98 13A mutant disassembled more slowly such that both the dissociation of GFP-Nup98 13A and dextran influx were strongly delayed (Figures 7C-7E ). Quantification showed that in GFP-Nup98 13A cells, the t 50 increased by about 15 min compared to that in GFP-Nup98 WT cells. This delay was indeed due to GFP-Nup98 13A expression as the prior depletion of the Nup98 protein fusions by GFP RNAi almost compelety reverted the defect of the 13A cell line, whereas Nup98 WT-expressing cells remained unaffected ( Figure S6 ).
These data demonstrate that interactions between Nup98 and the NPC remain more stable when Nup98 cannot be efficiently phosphorylated by mitotic kinases such as CDK1 and Neks. At the same time, breakage of the NE permeability barrier is delayed in nuclei from Nup98 13A-expressing cells as judged by the retarded dextran influx. Together, these experiments provide direct evidence for the model that nucleoporin phosphorylation drives NE permeabilization and NPC disassembly at the onset of mitosis.
DISCUSSION
Disassembly of NPCs is a key event during nuclear disintegration in organisms undergoing open mitosis. Many nucleoporins are hyperphosphorylated during mitosis, and a large number of mitotic phosphorylation sites in Nups have been identified through focused (Blethrow et al., 2008; Glavy et al., 2007 ) and large-scale proteomic studies (Daub et al., 2008; Dephoure et al., 2008; Nousiainen et al., 2006) . Here, we provide direct experimental evidence for phosphorylation-driven mitotic NPC disassembly. Mitotic hyperphosphorylation of the GLFG nucleoporin Nup98 is required for dispersion of Nup98 from the NPC and contributes to breakage of the NPC permeability barrier during nuclear disintegration. Altogether, we identified 13 different phosphosites in human Nup98, some of which confirm sites found in previous high-throughput analyses on the mitotic phosphoproteome (Dephoure et al., 2008) . Rendering all 13 serines and threonines to phosphomimetic amino acids leads to a cytoplasmic accumulation of Nup98 during interphase, suggesting that phosphorylation of these sites impairs the ability of Nup98 to stably associate with the NPCs. Importantly, if the same 13 amino acids are converted to alanines, the dissociation of Nup98 from the nuclear rim and NEBD are inhibited. Our data are consistent with the model that mitotic phosphorylation of Nup98 and its release from the NPC, executed by the concerted action of a panel of mitotic kinases, is a rate-limiting step in the disassembly of the central NPC framework at onset of mitosis.
Various mitotic kinases, including CDK1, NIMA-related kinases, and Plk1, contribute to Nup98 phosphorylation and their activities are required for efficient NEBD. Hyperphosphorylation of Nup98 by multiple kinases could be a mechanism to ensure that NPC disassembly is only initiated when cells are fully committed to entry into mitosis. The majority of the 13 identified phosphosites in mitotic Nup98 are 8 S/T.P sites potentially phosphorylated by CDK1. Because inhibition of CDK activity inhibits NPC disassembly in vitro, CDK1 lights up as a key player in mitotic disintegration of NPCs. Based on our data, we conclude that phosphorylation of Nup98 by CDK1 is instrumental in this process. Yet, Nup98 is surely not the only CDK1 target nucleoporin. A couple of other souble Nups, including Nup53 and members of the Nup107 complex, are phosphorylated on CDK1 sites during mitosis (Blethrow et al., 2008; Glavy et al., 2007) ; however, the effect of their phosphorylation on NPC disassembly has not yet been addressed.
Besides CDK1, members of the Nek family support hyperphosphorylation of Nup98 and NEBD. Nup98 isolated from mitotic HeLa cells is phosphorylated on several Nek6 consensus sites, and Nup98 is a substrate for phosphorylation by Neks and NIMA in vitro. This establishes a substrate-kinase relationship between Neks and Nup98, as previously implied from studies that correlated mitotic phosphorylation of Nup98 with NIMA activity in Aspergillus (De Souza et al., 2004) . In support for a role of Nek-mediated phosphorylation in releasing Nup98 from NPCs, phosphomimetic mutations in Nek target sites disturb NPC integration of Nup98 in interphase cells. Importantly, when Nek6 and Nek7 are depleted from HeLa cells, fewer cells enter mitosis and the time between onset of chromatin condensation and NE permeabilization is prolonged, suggesting that the presence of both kinases is required for efficient NPC disassembly. This was confirmed in the in vitro NEBD assay. Thus, our data indicate a supportive role of Nek6 and Nek7 in NEBD. Similar to many other mitotic kinases, Nek6 and Nek7 emerge as factors that function at multiple steps of progression through mitosis, as Nek6 and Nek7 have previously been shown to also support mitotic spindle formation and cytokinesis (O'Regan and Fry, 2009; Rapley et al., 2008) .
Among all human Neks, Nek2 shows the highest resemblance to Aspergillus NIMA (Fry, 2002) , and the three isoforms of human Nek2 remain candidate kinases to assist NPC disassembly in human cells. Direct support for a role of Nek2 in NPC disassembly would require testing the effect of Nek2 depletion on NEBD in vitro. However, Nek2A and Nek2C are degraded upon mitotic entry (Wu et al., 2007) and therefore not present in mitotic extracts derived from nocodazole-arrested cells. Because Nek2 is able to phosphorylate Nup98 in vitro and Nek2 RNAi slightly delays mitotic NE permeabilization in vivo, it is likely that one or several isoforms of Nek2 may contribute to phosphorylation of Nup98 or other nucleoporins at the onset of mitosis.
A third type of kinase contributing to phosphorylation of Nup98 is Plk1. However, mutation of the two identified Plk1 sites had no impact on NEBD in vitro (not shown). In vivo, inhibition of Plk1 leads to a strong delay in mitotic entry in both C. elegans oocytes (Chase et al., 2000) and human cells (Lenart et al., 2007; Li et al., 2010) . This can be explained not only by the involvement of Plk1 in CDK1 activation (Gavet and Pines, 2010) but also by a direct role of Plk1 in NEBD. Notably, a number of nucleoporins have recently been identified as potential Plk1 substrates (Santamaria et al., 2010) , bringing Plk1 into the spotlight for future analysis.
Overall, our data are consistent with a model that phosphorylation-induced dissociation of Nup98 by multiple kinases represents a pivotal, rate-limiting event in the mitotic NPC disassembly pathway. Phosphorylation of Nup98 at NPCs seems to be a stepwise process, involving an early phosphorylation event that renders an epitope in Nup98 undetectable to recognition by the mouse monoclonal antibody (Figure 5 ). At this point, NPCs already change functionality, as nuclear-confined proteins start to appear in the cytoplasm. The strongly retarded release of the Nup98 13A mutant from NPCs accompanied by a delay in dismantling the NE permeability barrier indicates that the ultimate hyperphosphorylation of Nup98 is a prerequisite for efficient NPC disassembly. In vivo analysis of mitotic NPC disassembly had previously revealed that among the studied nucleoporins, Nup98 was the first to be released and that most Nups dissociate later, including Nup214, Nup153, the central FxFGrepeat Nup62 subcomplex, the Nup53/93 subcomplex, and the Nup107/160 subcomplex, which together make up a significant part of the NPC framework (Dultz et al., 2008) . This correlates well with the model that Nup98 dissociation is an early step in dismantling the central NPC framework. At present, it cannot be excluded that other nucleoporins such as the cytoplasmic filament protein Nup358/RanBP2 dissociate earlier, but if so, their dissociation would not directly affect the permeability of the NPC.
Nup98 is the single vertebrate GLFG Nup. GLFG-type FG repeats have been strongly linked to the transport and passive diffusion characteristics of NPCs. In yeast, GLFG Nups are critical for NPC function, and the GLFG domains of Nup100 and Nup116, yeast counterparts of Nup98, are together required for viability (Iovine et al., 1995; Strawn et al., 2004) . In contrast to other types of FG repeats, GLFG domains tend to self-associate (Patel et al., 2007) , a feature that might underlie the formation of the NPC diffusion barrier. Hydrogels formed from GLFG Nups in vitro are highly selective and can restrict passive diffusion of proteins, as can FG/FxFG-based gels (Frey and Gorlich, 2009) . Thus, Nup98 emerges as a candidate nucleoporin not only important for various transport pathways (Powers et al., 1997) but also for setting the barrier characteristics of NPCs. We observed that cells depleted for Nup98 by RNAi only inefficiently restrict nuclear influx of diffusible cytoplasmic proteins (not shown). Moreover, nuclei assembled from Nup98-depleted extracts in vitro fail to exclude the influx of a 70 kDa dextran (Figure S7 ). These data would be consistent with the model that Nup98 directly contributes to the establishment and/or maintenance of the NE diffusion barrier. However, depletion of Nup98 also causes a reduction of the central FxFG repeat-containing Nup62 complex at the NPC (Wu et al., 2001 ) ( Figure S7 ). Therefore, the observed barrier defects might be caused either directly by the lack of Nup98 or more indirectly through the absence of other FG-containing nucleoporins. Still, it is striking that phosphorylation of Nup98 is required for efficient NE permeabilization during NEBD in vitro. Thus, one may speculate that hyperphosphorylation of Nup98 leads to its dissociation from the NPC and causes relaxation of the NE permeability barrier. Future dissection of downstream steps in NPC disassembly will be required to test this hypothesis and to pave the way for a better understanding of the NPC permeability barrier.
Mitotic phosphorylation of Nups such as Nup98 may have two nonexclusive roles. First, reversible phosphorylation of Nups emerges as part of the mechanism by which NPC disassembly during prophase and reassembly during anaphase/telophase is coordinated with the general orchestration of mitosis by protein kinases and phosphatases. Second, phosphorylation of Nups might also be required for the diverse functions of nucleoporin complexes during mitotic progression (reviewed in Guttinger et al., 2009) . Nup98 is released from the NPC in complex with its binding partner Rae1, and both have been implicated in later mitotic events, such as the regulation of the anaphasepromoting complex during early mitosis (Jeganathan et al., 2005) and spindle assembly (Blower et al., 2005) . Thus, it appears as an attractive hypothesis that mitotic phosphorylation of Nup98 switches its function to a mitotic regulator, and it may well turn out in the future that phosphorylation of Nup98 contributes to its mitotic duties.
EXPERIMENTAL PROCEDURES
DNA Constructs pEGFP-hsNup98 and pEGFP 2 -hsNup58 were provided by J. Ellenberg (EMBL, Germany). Nup98 was cloned into pIRESneo2 (Clontech) (BamH1/EcoR1) together with EGFP (NheI/BamHI) for transfection of HeLa cells and generation of stable cell lines. A PCR fragment encoding Nup98(506-863) was cloned into pET28a (Novagen) (BamHI/EcoRI) for expression in E. coli. Mutations were introduced into Nup98 by (1) ligation of primer-modified PCR products, (2) de novo gene synthesis (Geneart), or (3) QuikChange Site-Directed Mutagenesis (Stratagene). 2GFP-Nup58 was subcloned into pIRESpuro2 (Clontech) (NheI/BamHI) for generation of stable cell lines. Nek6 and Nek7 were obtained from HeLa cell cDNA and inserted into pQE30 (SphI/HindIII and BamHI/HindIII, respectively) for expression in E. coli. HeLa-p35-expressing 3EGFP-NLS was a gift from P. Lidsky (Chumakov Institute, Moscow).
Inhibitors
Alsterpaullone and Gö 6983 were from Calbiochem, nocodazole and thymidine from Sigma.
Antibodies
Peptide-specific antibodies were raised in rabbits: Nup98 (ab2) (CNRDSENLA SPSEYPENGER); Rae1 (FYNPQKKNYIFLRNAAEELLC); Nup96 (CSLHHPPDR TSDSTPDPQRV); Nup214 (LGGKPSQDAANKNPFSSAC). Antibodies against Nek6 and Nek7 were raised against recombinant proteins. All antibodies were affinity-purified. a-Nup62 and a-Nup107 have been described (Mansfeld et al., 2006) . Mouse a-Nup98 (against aa 581-880, ab1) was from Santa Cruz, a-a-tubulin was from Sigma, and secondary antibodies were from Molecular Probes.
Recombinant Protein Expression and Purification
Nek6 and Nek7 were expressed in E. coli BLR(pRep4), Nup98(506-863) in BL21 Rosetta for 4 hr at 25
C. The His 6 -tagged proteins were purifued over Ni 2+ -NTA agarose and eluted with buffer A (30 mM Tris, pH 7.5, 420 mM NaCl, 3 mM MgCl 2 , and 400 mM imidazol). NIMA/NIMA KD (C.R. Mena, Duke) were expressed in E. coli BL21 Rosetta for 6 hr at 20 C and purified over Ni 2+ -NTA agarose using buffer A containing 15 mM b-glycerophosphate for elution. All proteins were rebuffered into the respective assay buffer. CDK1/ cyclin B1 has been described (Muhlhausser and Kutay, 2007) . PKCbII was from Panvera, Plk1 from Abnova, Nek6 and Nek7 used for kinase assays from Upstate, and histone H1 from Roche.
Cell Culture, Cell Lines, Transfections, RNAi, and Immunofluorescence HeLa cells were grown in complete DMEM supplemented with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin. HeLa S3 cells were grown in RPMI 1640 with 13 Glutamax (Invitrogen), supplemented with 10% FCS, penicillin/streptomycin, and MEM nonessential A/A. Cells were arrested in G1 or M phase using 3 mM thymidine or 100 ng/ml nocodozale, respectively. Transfections were performed using FuGENE 6 (Roche). Stably transfected HeLa cell lines were generated using pIRESpuro(2GFP-Nup58) and pIRESneo(GFP-Nup98 WT/13A) and maintained in the presence of 0.5 mg/ml puromycin and 500 mg/ml G418, respectively. siRNAs (35 nM) were transfected using oligofectamine (Invitrogen) and cells used after 24 to 48 hr as indicated.
The following siRNAs were used: allstars control (Microsynth); Nek2 UGACAG AAGCUGAGAAACA; Nek6 CGGAGAGGAUCCAUCCAUGAA; Nek7 GACCGG AUAUGGGCUAUAA; hRio2 GGAUCUUGGAUAUGUUUAA. Immunofluorescence was performed as described in Mansfeld et al. (2006) .
In Vitro Nuclear Disassembly
The assay (Muhlhausser and Kutay, 2007) was modified by using mitotic HeLa cell extract of S3 cells grown in spinner culture. At a cell density of 1 3 10 6 cells/ml, 100 ng/ml nocodazole was added. After 24 hr (mitotic index > 96%), cells were harvested and resuspended in 30 ml of cold, modified EBS buffer (40 mM b-glycerophosphate, pH 7.3, 15 mM MgCl 2 , 20 mM EGTA, 2 mM ATP, 1 mM glutathione, protease inhibitors). Cells were washed twice, resuspended in 0.73 the pellet volume of EBS, and shock-frozen. After thawing, the suspension was passed 10 times through a 27 G needle, followed by ultracentrifugation (TLA 100.3 rotor [Beckman] , 5 min, 100,000 rpm). The supernatant was centrifuged for 30 min at 100,000 rpm, supplemented with 250 mM sucrose, and shock-frozen. Protein concentration in the extract was usually 15 mg/ml. Dependent on extract batch, there are variations in t 50 from 30 to 45 min. For immunodepletion of Nek6 and Nek7, mitotic extract was depleted twice for 45 min using anti-Nek7 antibodies (crossreacting with Nek6).
Image Acquisition and Processing
Laser-scanning microscopy of in vitro disassembly reactions was performed as described (Muhlhausser and Kutay, 2007 ) using a LEICA SP2 confocal microscope, scanning at 4 min intervals. Quantification was done using a custom-made MATLAB-based program. The average fluorescence intensity of each nucleus at each time point was measured relative to the signal outside the nuclear area. The proportion of nuclei showing dextran signal intensities above an arbitary threshold of 0.3 was plotted over time. The standard error of the mean (SEM) was calculated from x independent experiments (x = 3) according to SEM = s/Ox (s, standard deviation). By interpolation, a time point t 50 at which 50% of all quantified nuclei are dextran positive was calculated for each condition. Time-lapse microscopy of living cells was performed on an ImageXpress Micro (Molecular devices) using a Nikon objective (10 3 0.5 NA S Fluor) and a Roper CoolSnap HQ camera controlled by the MetaXpress software. Cells were imaged for 24 hr each 2.2 min using 25 ms exposure time for mCherry and 30 ms for GFP. Images were further analyzed using ImageJ. Three independent experiments were averaged and box-whisker plots generated using the PRISM software. Within the boxes, the lines indicate the median and the whiskers represent the 5 th and 95 th percentile. The significance (p value < 0.0001) was verified by the MANN-Whitney U test. The cumulative histogram was created using the PRISM software.
To determine the NE/cytoplasm ratio of GFP-Nup98 derivatives, a custommade software was used. Nuclei were detected based on Hoechst fluorescence. The mean fluorescence intensities were measured in two adjacent rings (NE: inner ring, 1098 nm wide = 3 pixels, 2 pixels overlap with Hoechst; cytoplasm: outer ring, 4395 nm wide = 12 pixels).
In Vitro Kinase Assay Phosphorylation of H1 was performed as in Muhlhausser and Kutay (2007) , using either 2 ml of mitotic HeLa cell extract or 24 ng CDK1/cyclin B1 and 12 ng PKCbII of recombinant kinases, in a reaction mixture containing 9 ml kinase buffer, 3 mg histone H1, and 1 mCi g-[ 32 P]ATP. To compare phosphorylation of wild-type and the 11A mutant of Nup98(506-863), 2 mg of purified protein was incubated in 10 ml kinase buffer containing 50 mM Tris (pH 7.5), 10 mM MgCl 2 , 150 mM NaCl, 1 mCi g-[ 32 P]ATP, and 12-200 ng of kinase, depending on their specific activities, for 10 min at 30 C. One-fourth of each reaction was run on a 12% SDS-polyacrylamide gel.
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